To explore the role of Dicer-dependent control mechanisms in B lymphocyte development, we ablated this enzyme in early B cell progenitors. This resulted in a developmental block at the pro-to pre-B cell transition. Gene-expression profiling revealed a miR-17$92 signature in the 3 0 UTRs of genes upregulated in Dicer-deficient pro-B cells; a top miR-17$92 target, the proapoptotic molecule Bim, was highly upregulated. Accordingly, B cell development could be partially rescued by ablation of Bim or transgenic expression of the prosurvival protein Bcl-2. This allowed us to assess the impact of Dicer deficiency on the V(D)J recombination program in developing B cells. We found intact Ig gene rearrangements in immunoglobulin heavy (IgH) and k chain loci, but increased sterile transcription and usage of D H elements of the DSP family in IgH, and increased N sequence addition in Igk due to deregulated transcription of the terminal deoxynucleotidyl transferase gene.
INTRODUCTION
B cell development is dependent on somatic gene rearrangements at the immunoglobulin (Ig) heavy (H) and Ig light (L) chain loci, which ultimately ensure that the developing B cells express a membrane-bound antibody as an antigen receptor (BCR) (Rajewsky, 1996) . In this process, a D H J H and subsequently a V H D H J H joint is assembled in progenitor B (pro-B) cells from multiple V H , D H , and J H elements of the germline IgH locus. If this V H D H J H joint is in the correct reading frame, an IgH chain of class m (Igm) is expressed by the pro-B cell together with the ''surrogate'' light chains l5 and VpreB as a surface receptor complex called pre-BCR. A phase of clonal expansion follows, and the resulting cellular progeny proceeds, as precursor B (pre-B) cells, to undergo rearrangements of V L and J L elements in the IgL loci. These rearrangements usually begin in the Igk locus and can subsequently involve Igl, an additional IgL locus. Further differentiation of the cells depends on the acquisition of an in-frame Ig gene rearrangement in one of the IgL loci. In this event, an IgL chain is expressed, assembles with the Igm chain to form an antibody molecule, and an immature B cell with a BCR on its surface is born. This cell is ready to join the pool of long-lived mature B cells, if its BCR is not selected against because of autoreactivity.
The random nature of V(D)J recombination and the multiplicity of the Ig loci, required for the generation of a diverse antibody repertoire, call for sophisticated mechanisms to guarantee that the differentiating B cells are able to express surface Ig and that this Ig consists of a single molecular species (Jung et al., 2006) . These mechanisms include the developmental order of rearrangements from IgH to Igk to Igl; sensors for successful (in-frame) rearrangements in the form of the pre-BCR in progenitor cells and the BCR in immature cells; molecular programs for the cells to shut down further rearrangements in a given class of Ig loci, if they have acquired an in-frame rearrangement of that class, and to avoid coexpression of different classes of IgL chains (''allelic and isotype exclusion''); and programming the developing cells for either clonal expansion or for apoptosis if they do not successfully receive the appropriate signals through the pre-BCR and the BCR in concert with other survival signals.
While much has been learned about the molecular networks of survival factors, signaling molecules, and transcription factors operating in B cell development, our understanding of the developmental control of V(D)J recombination on the one hand, and that of cell proliferation, death, and survival during differentiation on the other, is still fragmentary (Busslinger, 2004; Hardy and Hayakawa, 2001 ). We were attracted by the possibility that RNA-guided control mechanisms might play a role in this context. Thus, the prevailing hypothesis about the order of gene rearrangements in lymphocyte development postulates that the various Ig loci as well as the V, D, and J elements within them become accessible for the V(D)J recombination machinery because of developmentally controlled changes in chromatin structure (Yancopoulos and Alt, 1985) . There is ample evidence that control mechanisms based on endogenous small-interfering RNAs (siRNAs) play a critical role in the epigenetic silencing of genes, repetitive elements, and transposons through chromatin modifications in a variety of lower organisms. Prominent examples are Dicer-dependent silencing of the mating locus and centromeric repeats in fission yeast (Grewal and Jia, 2007) . Similarly, considering the mechanism of V(D)J recombination as such, which involves the targeted deletion of large stretches of DNA, RNA-guided elimination of genomic DNA during conjugation in Tetrahymena comes to mind (Yao and Chao, 2005) . Central to this phenomenon is dcl-1, a Dicer-like gene in Tetrahymena required for the processing of germline transcripts into scanRNAs, siRNA-like species complementary to moderately repetitive regions of the genome destined for deletion.
With respect to the control of cellular proliferation and life and death decisions, another class of small RNAs, the so-called microRNAs (miRNAs), have been shown to be critically involved in various contexts in lower organisms (Ambros, 2004; Bushati and Cohen, 2007) . miRNAs direct posttranscriptional regulation of gene expression, typically by annealing to cognate mRNAs and inhibiting their translation and/or stability (Pillai et al., 2007) . miRNAs are on average 22 nucleotides long, but they recognize their targets largely via their ''nucleus'' or ''seed'' region encompassing nucleotide positions 2-8 at their 5 0 end. Hundreds of miRNAs, many of them evolutionarily conserved, have been identified in mammals (Griffiths-Jones et al., 2006) , but their physiological functions are just beginning to be elucidated (Bushati and Cohen, 2007; Chang and Mendell, 2007) . In the case of lymphocytes, there is evidence for a role of individual miRNAs in B and T cell homeostasis and response (Rodriguez et al., 2007; Thai et al., 2007; Xiao et al., 2007) , and the work of Li et al. (2007) indicates that T cell selection in the thymus is controlled by a particular miRNA.
An approach to globally address the importance of siRNA-and miRNA-based control mechanisms in mammalian development makes use of conditional deletion of Dicer. Dicer is the key enzyme in the generation of si-and miRNAs from their doublestranded RNA precursors (Tijsterman et al., 2002) . Ablation of Dicer in the mouse germline produces a lethal phenotype (Bernstein et al., 2003) , and conditional deletion of Dicer in various cell lineages has been shown to have detrimental effects, such as impaired cell proliferation and survival (Cobb et al., 2005; Fukagawa et al., 2004; Harfe et al., 2005; Muljo et al., 2005) . Here we use this approach to assess the importance of Dicer in the B cell lineage, by deleting the Dicer gene (dcr-1) conditionally at the earliest stage of B cell development. While this leads to an almost complete block of this developmental process, we can partially rescue B cell development by genetically promoting B cell survival. This opens the way to an assessment of the role of small RNAs generated by Dicer in B cell-specific differentiation processes such as the control of V(D)J recombination.
RESULTS

Conditional Ablation of Dicer in the B Cell Lineage
We conditionally deleted dcr-1 in the B cell lineage of mice using the mb1-cre allele, which is expressed and active from the earliest stage of B cell development (Hobeika et al., 2006) . Flow cytometric analyses in dcr fl/fl ; mb1 cre/+ mice revealed that in the absence of Dicer, B cell development is almost completely blocked at the pro-to pre-B cell transition ( Figures 1A and 1B 3A ; data not shown). Annexin V staining revealed no consistent difference in pro-B cells, but a massive increase of preapoptotic pre-B cells in the mutant animals ( Figure 1C ).
Quantification of mature miRNA levels in sorted B cell progenitors by a TaqMan-based miRNA assay revealed a significant depletion of miRNAs already in Dicer KO pro-B cells, but the extent of depletion differed for individual miRNAs. We focused our analysis on four miRNAs that we knew were expressed in pro-B cells (Monticelli et al., 2005) . In both pro-and pre-B cells, miR-17 was undetectable upon mb1-cre-mediated dcr-1 deletion ( Figure 1D ). In contrast, miR-142-3p and -181b were still detectable at low levels in KO pro-B cells (being reduced by 83% and 94%, respectively). Curiously, a fourth miRNA, miR-191, persisted at low but detectable levels in both pro-and pre-B cells following Dicer ablation (73% and 87% reduction, respectively). We conclude that mb1-cre mediated efficient Dicer ablation early on in B cell development, and that mature miRNA levels are strongly reduced in the developing cells from the pro-B cell stage.
Mining Gene Expression Signatures Imposed by miRNAs
To assess the extent to which miRNAs control gene expression in B lymphocytes, we followed the microarray profiling approach pioneered by Lim et al. (2005) and Giraldez et al. (2006) , to determine signatures of miRNA control in the 3 0 untranslated regions (UTRs) of transcripts upregulated in cells upon Dicer ablation. This approach is based on the ability of miRNAs to promote deadenylation and decay of their cognate mRNA targets (Pillai et al., 2007) . To have sufficient RNA available for these experiments, we generated Abelson virus (v-Abl)-transformed pro-B cell lines from BM of dcr fl/fl ; R26R-yfp and dcr fl/+ ; R26R-yfp mice previously described (Muljo et al., 2005) . In these cells, the dcr-1 gene can be deleted in vitro using a transducible Cre protein (Tat-cre), and Cre activity is conveniently monitored by concomitant expression of YFP (Figure 2A Figure 2B ), and northern blots demonstrated that the levels of mature miR-17 and -191 were drastically reduced ( Figure 2C ).
Four days after Tat-cre transduction, RNA was isolated from the various sorted cell populations and analyzed on microarrays. We used a previously described approach based on linear regression statistics (Sood et al., 2006) to discover genomewide correlations between Dicer-dependent gene-expression changes and the occurrence of heptamer nucleotide motifs in the 3 0 UTR of the affected genes (Table S1) ; R26R-yfp pro-B cell cultures. The motif with the best correlation (P value z 0 in both cell cultures) is complementary to nucleotides 2-8 (the nucleus) of miR-142-3p, a miRNA expressed in wild-type (WT) pro-B cells (Table S1 ; Figure 1D ). Of 9032 transcripts analyzed in pro-B cell culture #4470, 411 had their levels elevated by at least 20% upon Dicer ablation. Among these upregulated genes, 31% had the motif complementary to the miR-142-3p nucleus, compared to 14% among all transcripts analyzed. The analysis yielded three additional motifs that match the 5 0 region of different members of the miR-17$92 cluster, with P values between 0 and 10 À5 (Table  S1 ). Seventeen known miRNAs, five of which (miR-17, -19a, -20a, -19b, and -92) are part of the miR-17$92 cluster on mouse chromosome 14, match one of these three motifs, and as such can be divided into three families (Table S2 ). The nucleus of one of five miRNA members of the miR-17$92 cluster that our analysis identified as highly significant was present in 63% of upregulated transcripts, compared to 47% among all transcripts analyzed. Thus, genes upregulated in Dicer KO pro-B cells frequently harbored at least one of the four identified motifs in their 3 0 UTR (Tables S3-S6), and at least some of the corresponding miRNAs are known to be expressed in WT pro-B cells (miR-17, miR-142-3p and miR-92 ( Figure 1D ; data not shown); miR-19b and miR-20 (Ventura et al., 2008 [ 
this issue of Cell]).
One of the genes identified in this analysis was bim ( Figure 2D ), a proapoptotic gene known to be critically involved in life-death decisions in lymphocyte development (Hughes et al., 2006) . Consistently upregulated in Dicer KO B cells in the microarray experiments, mouse bim harbors nine heptamer motifs in its 3 0 UTR that match miR-17$92 family members ( Figure 2E ). Although our method does not rely on evolutionary sequence conservation, in this case at least four of these motifs are conserved in mouse, rat, and human. Furthermore, in the mouse, only a limited number of the $18,000 annotated 3 0 UTRs harbor at least one potential binding site for each of the three distinct miRNA families, the miR-17, miR-19, and miR-92 family, related to the miR-17$92 cluster (A.K. and N.R., unpublished data). In terms of having the most of these binding sites, the 3 0 UTR of bim scored in the top 10 out of all annotated 3 0 UTRs. Bim thus belongs to a small group of genes with a strong potential for combinatorial regulation by the miR-17$92 cluster. Consistent with this strong prediction, we detected markedly elevated levels of Bim protein in Dicer KO B cells by intracellular flow cytometry using a highly specific antibody (Figures 2F and 2G ; data not shown).
Rescuing B Cell Development in the Absence of Dicer
The strong upregulation of Bim in the developing Dicer-KO B cells could be causally related to the excessive apoptosis observed at the pre-B cell stage ( Figure 1C ). In normal development, the cells are programmed to die at this stage unless they have undergone an in-frame V(D)J rearrangement in the IgH locus, allowing them to express an Igm chain in the pre-BCR complex on their surface. Given these circumstances, we tried to rescue the development of Dicer KO B cells following two strategies. The first was to provide the mutant mice with a B cell-specific prosurvival transgene. The Em-bcl-2 transgene was chosen for this purpose, as Bim and Bcl-2 are known to be key players in balancing death and survival in B cell development (Hughes et al., 2006; Puthalakath and Strasser, 2002; Strasser et al., 1990) . In a second approach, we considered the possibility that an inability of the Dicer KO cells to perform ordered Ig gene rearrangements might contribute to the developmental block observed in vivo. We therefore provided the mutant animals with a transgene encoding a hen egg lysozyme (HEL)-specific antibody (Ig HEL ); BCR-encoding transgenes are known to rescue B cell development in mouse mutants unable to perform V(D)J recombination.
A partial rescue of B cell development was observed using either the Bcl-2 or the Ig HEL transgene (Figure 3 ). In both cases, the developmental block imposed by Dicer ablation was partially alleviated, as indicated by a reduced accumulation of pro-B cells ( Figure 3B ). For the Bcl-2 transgene, this was accompanied by the expected partial restoration of the pre-B cell compartment. This was not evident in the case of the Ig HEL rescue, because the prerecombined IgH and Igk chains drive the cells rapidly into the immature B cell compartment. In the case of both transgenes, significant numbers of Dicer KO B cells made it into the peripheral immune system, although their maturation was clearly hampered. B cell numbers in the spleens of the compound mutant animals were increased 20-and 10-fold, respectively, compared to dcr fl/D ; mb1 cre/+ mice lacking either transgene, but still strongly reduced compared to Dicer-proficient transgenic controls ( Figure 4 ). This appeared in part due to inefficient generation Figure S1A ). This was confirmed for miR-17 using the more sensitive TaqMan miRNA assay ( Figure S1B ). However, miRNAs could still be detected in B cell progenitors by this assay, albeit at dramatically reduced levels ( Figure S1C ). In the case of Em-bcl-2 tg mice, mature miR-17 levels were reduced 69% in pro-B cells, and became undetectable in pre-B cells upon Dicer ablation; miR-142-3p levels were reduced 54% in pro-B and 97% in pre-B cells; miR-181b levels were reduced 86% in pro-B and 98% in pre-B cells; and miR-191 levels were reduced 80% in pro-B and 97% in pre-B cells. Consistent with the notion that Bim is targeted by miRNAs expressed in the B cell lineage ( Figures 2D-2G ), intracellular FACS analysis revealed strong upregulation of Bim levels in Dicer-deficient B lineage cells of both Bcl-2 and Ig HEL transgenic mice ( Figures 5A and S2 ). This effect was already detectable at the pro-B cell stage ( Figures 2G and 5A ), suggesting dcr-1 deletion was essentially complete already in pro-B cells of the compound mutant animals and resulted in impaired miRNA control in those cells.
To directly assess the role of Dicer mediated control of Bim in B cells, we generated B cell-specific Dicer KO mice on a Bim null genetic background (dcr fl/fl ; mb1 4 and 5B). While B cell numbers were still strongly reduced compared to Dicer proficient littermates, the rescue of B cell development through Bim deficiency was comparable to that by the Bcl-2 transgene (Figures 4, 5B, and 5C). As in the latter case, most B cells generated in the absence of Dicer and Bim exhibited an immature (AA4.1 hi ) phenotype ( Figure 5B ).
The development of Dicer KO IgM + B cells in the presence of the Bcl-2 transgene or in the absence of Bim strongly suggests that Dicer does not control the basic mechanism of V(D)J recombination, and that therefore the block of B cell development in the absence of Dicer is partially due to a failure of the cells to respond to survival signals at an early stage because of aberrantly high Bim levels.
Immunoglobulin Gene Rearrangements in the Absence of Dicer
The rescue of Dicer KO B cells by the Bcl-2 transgene opened the way to determine the impact of Dicer-dependent control mechanisms on V(D)J recombination and its ordered progression in B cell development. We first assessed whether Dicer KO and control B cell populations expressed IgH and IgL variable regions of similar nature and diversity, by amplifying and sequencing V H D H J H and V k J k joints from B cells of dcr fl/D ; mb1 cre/+ ; Em-bcl-2 tg and control mice. The joints isolated from the mutants were highly diverse and indistinguishable in a first approximation from those of the controls in terms of V and J element usage (Table S7). However, upon closer inspection specific footprints of Dicer deficiency became apparent in both the V H D H J H and the V k J k joints. In the case of the former, we observed a striking redistribution of D H element usage ( Figure 6A ). While the DSP family of D H elements represents the majority of the D H elements in the germline (6-9 DSP elements out of a total of 10-16 D H elements depending on mouse strain), DSP elements are used in the V H D H J H rearrangements of WT mice in less than half of the cases; most rearrangements use the DFL element(s) upstream or the DQ52 element downstream of the DSP cluster (Bangs et al., 1991; Feeney, 1990 ). In contrast, V H D H J H joints sequenced from rescued Dicer KO B cells displayed DSP family elements in $58% of the cases, compared to $44% in controls. The usage of another rarely used D H element, DST, was also increased in the mutants, from $6% to $16% ( Figure 6A ). In all, DSP and DST D H elements were found in $75% of the V H D H J H joints from Dicer KO B cells compared to $50% in the controls (P value % 0.001). D H locus accessibility has been reported to be associated with antisense sterile transcripts (Chakraborty et al., 2007) . To assess whether increased accessibility at the DSP locus led to the increased usage of DSP elements in Dicer-deficient B cells, we measured sterile transcript levels from the unrearranged D H segments in Dicer KO pro-B cells and found them increased by a factor of 2.5 compared to controls ( Figure 6B ). This increase was accompanied by a significant drop in m 0 transcript levels starting just upstream of DQ52, while there was no detectable change in DFL16.1 transcript levels. This result is consistent with an earlier finding by Chakraborty et al. (2007) , who had used the histone deacetylase inhibitor trichostatin A to revert the chromatin structure of the silent DSP region from a RAG2 deficient pro-B cell line. The Dicer KO B cells also displayed an alteration in their V k J k joints, in that the frequency at which nontemplate nucleotides, so-called N sequences, were inserted at the breakpoints of recombination, was significantly increased compared to controls ( Figures 6C and 6D) . N nucleotide addition is mediated by the enzyme terminal deoxynucleotidyl transferase (TdT) and, in mice, occurs almost exclusively at the pro-B cell stage where IgH rearrangements take place (Benedict et al., 2000) . The increased frequency of N nucleotides was accompanied by deregulated TdT expression during Dicer-deficient B cell development: While in normal development TdT is downregulated from the pre-B cell stage on, it continues to be expressed at both the mRNA and protein level in Dicer KO cells throughout maturation ( Figures 6E, 6F, S4 ). To determine whether this is accompanied by ongoing transcription of the dntt locus, we performed quantitative RT-PCR for the unspliced dntt mRNA precursor (pre-mRNA), using intron-specific primers. While dntt was transcribed in WT pro-B cells, but transcriptionally silent in pre-B cells ( Figure S4 ), dntt pre-mRNA was present in both pro-B and pre-B cells upon Dicer ablation. This deregulation of dntt mRNA appears to occur at the transcriptional level, since the ratio between pre-mRNA and spliced mature mRNA does not change significantly in the absence of Dicer.
The insertion of N nucleotides into V k J k joints in the absence of Dicer could also be due to an involvement of Dicer in the control of the order of gene rearrangements in B cell development; perhaps V k J k joining occurred prematurely in the Dicer KO cells, already at the pro-B cell stage. However, when we amplified V k J k joints from control and Dicer KO pro-and pre-B cells with or without the Bcl-2 transgene, V k J k joints were only detectable in pre-B cells, in all instances ( Figures 7A and 7B) . Together with experiments showing that similar fractions of mutant and control pro-B cells expressed Igm chains in the cytoplasm ( Figure 7C ), this suggests that Dicer deficiency does not affect the developmental order of Ig gene rearrangements in the IgH and Igk loci.
Finally, we assessed whether Dicer is involved in the control of IgL chain isotype exclusion. B cells expressing both Igk and Igl chains are rare in the B cell population of normal mice, and also in Bcl-2 transgenics ( Figures 7A and 7B ). This picture was not changed by Dicer deficiency ( Figure 7D ). Furthermore, in both Dicer-proficient and -deficient Ig HEL transgenic cells the Igk chain of the Ig HEL transgene efficiently excluded expression of Igl chains ( Figure 7E ). Furthermore, in these cells there were no endogenous V k J k rearrangements detectable (data not shown). We conclude that while Dicer deficiency does not disturb the basic mechanism of V(D)J recombination, the developmental progression of Ig gene rearrangements from the IgH to the Igk locus, and IgL chain isotype exclusion, it impacts on the generation of the antibody repertoire by affecting the pattern of D H element usage and N nucleotide insertion in Igk.
DISCUSSION
Ablation of Dicer during early B cell development led to a dramatic block in this process at the pro-B cell stage. Since thousands of human protein-encoding genes are predicted to be regulated by miRNAs (Rajewsky, 2006) , and miRNA control is in part exerted at the level of mRNA stability, we assessed to what extent Dicer ablation affects gene expression in pro-B cells. For this purpose, we used microarrays to determine gene expression profiles of RNA isolated from Dicer-deficient and -proficient Abl-transformed pro-B cell lines, assuming that transcripts targeted by miRNAs would be upregulated in the absence of Dicer. Using an unbiased approach as described above, we identified heptameric motifs whose occurrence in the 3 0 UTR of a gene correlates with its upregulation in Dicer KO cells. Although the change in expression level of each affected gene was small, dozens of genes harboring the same motif appeared to be coregulated, resulting in a detectable gene expression signature. Conversely, there was no correlation between any heptameric 3 0 UTR motif and genes that were downregulated in Dicer KO pro-B cells. Currently, we have no insights into molecular mechanisms that would account for the downregulation of genes in the absence of Dicer; however, secondary, indirect effects of activating key regulatory genes could be one explanation.
Strikingly, most motifs enriched in the 3 0 UTRs of the upregulated mRNAs were complementary to the 5 0 region of miRNAs, and at least some of these miRNAs are expressed in pro-B cells. This is consistent with the generally accepted notion that the 5 0 region of miRNAs is typically required for recognition of cognate targets by miRNAs (Rajewsky, 2006) . Linear regression analysis of microarray experiments comparing Dicer KO cells to controls may represent a useful experimental strategy to identify miRNA targets in specific cell types, in a high-throughput fashion. A limitation of this approach is that gene-expression signatures of miRNAs that only affect few targets will remain undetected. In addition, miRNA persistence in cells upon Dicer ablation may vary, and some miRNAs only regulate mRNA translation, not stability (Pillai et al., 2007) .
We identified four heptameric motifs that were significantly enriched in 3 0 UTRs of upregulated genes when comparing Dicer KO pro-B cell lines to controls (Table S1 ). Interestingly, a signature consistent with gene-expression control by three miRNA families related to the miR-17$92 cluster was detected in pro-B cells, and a strong candidate target of these miRNAs, the proapoptotic gene bim, was upregulated in Dicer KO pro-B cells. Remarkably the bim 3 0 UTR contains nine potential binding sites for miR-17$92 family members with at least one binding site for each of the three distinct miRNA seeds related to the miR-17$92 cluster. Of the $18,000 annotated 3 0 UTRs, bim scored among the top ten in terms of overall number and diversity of predicted miR-17$92 cluster-binding sites. We attempted to use luciferase reporter assays to show a direct link between the individual heptamer motifs in the 3 0 UTR and the control of Bim expression by complementary miRNAs. These experiments were not straight forward because of the many predicted miRNA binding sites in the 3 0 UTR of bim with over 100 annotated miRNA heptamer motifs (Lewis et al., 2005) , and in particular the redundancy of members of miR-17$92 family in terms of their seed sequence, implying that knockdown of individual miRNAs would not necessarily impact the expression of the reporter construct. Despite these difficulties, we could show through locked nucleic acid (LNA)-mediated miRNA knockdown that miR-92, and to a lesser extent miR-19, targets the bim 3 0 UTR in reporter assays in HeLa cells (Xiao et al., 2008) . Because of the strong bioinformatics prediction, we consider it likely that other members of the miR-17$92 cluster also participate in the control of Bim expression.
A second gene, strongly predicted by bioinformatics analysis and shown in reporter assays (Xiao et al., 2008) to be controlled by the miR-17$92 cluster, encodes Pten, an inhibitor of the phosphatidylinositol 3-kinase and Akt/protein kinase B signaling axis ( Figure S5A ). Indeed, intracellular FACS analysis of Dicer KO B cells rescued by Em-bcl-2 showed increased Pten levels all through development ( Figure S5B ). Upregulation of Pten through loss of miR-17$92 should inhibit Akt signaling and activate the FoxO family of forkhead transcription factors to turn on bim transcription (Stahl et al., 2002; You et al., 2006; Yusuf et al., 2004) . The miR-17$92 cluster could thus control signaling networks regulating cell survival at several levels, in a cooperative fashion. Recent work in our laboratory, wherein overexpression of the miR-17$92 cluster in lymphocytes leads to lymphoproliferation, supports this concept (Xiao et al., 2008) .
While such complex control mechanisms remain to be experimentally verified, the partial rescue of Dicer-deficient B cell development by the Bcl2 transgene as well as Bim deficiency clearly demonstrates that deregulated control of cell survival is at least partly responsible for the developmental block imposed by Dicer deficiency, and that Bim is a major player in this context. This dominance of a single BH3-only proapoptotic molecule, surprising at first glance, is consistent with evidence in the literature that Bim is of central importance in the control of lymphocyte survival (Bouillet et al., 1999) . Thus, Bim deficiency can partially rescue B cell development in mice deficient for a crucial B cell growth factor, interleukin-7 (Oliver et al., 2004) . Consistent with the latter result, we have observed that pro-B cells from BM of dcr fl/fl ; mb1 cre/+ mice fail to proliferate in vitro in response to IL-7, in contrast to control pro-B cells (data not shown). The concept that miR-17$92 mediated repression of Bim is required for the survival of B lineage cells at the pro-to pre-B cell transition is consistent with the observation by A. Ventura and T. Jacks that a developmental block like the one seen upon Dicer ablation is observed upon miR-17$92 deletion, together with upregulation of Bim (Ventura et al., 2008) . Repression of Bim by the miR-17$92 cluster could also explain the observation of He et al. (2005) that overexpression of the miR-17$92 cluster synergizes with c-myc in a mouse model of pre-B cell leukemogenesis, as a similar synergy in leukemogenesis has been observed by combining c-myc with Bim-deficiency (Egle et al., 2004) . This is reminiscent of the promotion of tissue growth by the bantam miRNA in Drosophila, which targets the proapoptotic gene hid (Brennecke et al., 2003) . Our results establish miRNAs as critical elements in the control of Bim, a key regulator of B cell progenitor survival. The miR-17$92 cluster, which targets bim, is widely expressed in the mammalian organism (Landgraf et al., 2007) , and the bim 3 0 UTR harbors a multitude of additional conserved predicted miRNA-binding sites (Krek et al., 2005; Lewis et al., 2005) . Control of cell survival through miRNAs targeting Bim may thus operate in many cellular contexts in the mammalian organism. This may or may not relate to other experimental systems in which increased cell death was observed upon conditional Dicer ablation (Cobb et al., 2005; Fukagawa et al., 2004; Harfe et al., 2005; Muljo et al., 2005) .
B cell development could also partially be rescued in dcr fl/fl ; mb1 cre/+ by the Ig HEL transgene, which mediates expression of a transgenic BCR. Since the BCR is known to provide survival signals to B cells (Kraus et al., 2004) , we speculate that premature BCR expression from the Ig HEL transgene provided supplemental survival signals that allowed developing B cells to pass the critical pro-to pre-B cell transition without Dicer. Perhaps pre-B cells are particularly sensitive to miRNA deficiency and the resulting Bim overexpression, and the Ig HEL transgene allows the developing B cells to bypass this critical stage by expediting their exit from that compartment ( Figure 3B ).
By rescuing Dicer-deficient B cell development, we could address whether Dicer deficiency impacts the developmental program of Ig gene rearrangements. In WT mice, V(D)J recombination is initiated in pro-B cells and followed by gene rearrangements in the IgL loci at the pre-B cell stage. This order appeared preserved in the absence of Dicer, although we cannot formally exclude that the low levels of miRNAs (and perhaps endogenous siRNAs) persisting in pro-B cells played a regulatory role. A further limitation of our analysis comes from the fact that the IgH and the dcr-1 locus are genetically closely linked on mouse chromosome 12. This prevented us from combining different genetically marked IgH alleles in the compound mutant mice, which would have allowed us to test whether Dicer deficiency was accompanied by the generation of cells expressing Igm chains from both chromosomes, i.e., led to the loss of IgH allelic exclusion. In the case of the program of gene rearrangements in the IgL loci our analysis was on firmer ground, given that miRNAs were essentially lost at the pre-B cell stage at which these rearrangements typically occur. In WT mice, once an in-frame V L J L joint that allows expression of a nonautoreactive BCR has been generated, further V L J L rearrangements do not occur so that most cells express a single Igk or Igl chain. This principle was preserved in the absence of Dicer: In the case of B cells rescued by Bcl-2, essentially none of the rescued cells expressed both Igk and Igl; and in that of the Ig HEL transgene, all rescued cells Table S7 . P values were calculated using Student's t test.
expressed Igk from the transgene, and neither could we detect Igl expression nor rearrangements in the endogenous Igk loci. In addition, as the predominance of Igk over Igl expression was preserved in the absence of Dicer, our results collectively suggest that the frequency and likely order of gene rearrangements in the IgL loci are Dicer independent. Overall, our results establish that the basic mechanism of V(D)J recombination is independent of Dicer, and suggest that this is also true for at least the IgL program of ordered gene rearrangements in B cell development. In contrast to these essentially negative results, Dicer clearly has an impact on the antibody repertoire expressed upon V(D)J recombination, although in both Dicer-proficient and -deficient B cells a broad range of V gene segments is used in both V H D H J H and V k J k rearrangements. Thus, the V k J k joints from Dicer KO B cells frequently harbored N nucleotides, which are rarely seen in these joints in WT controls. This was not due to premature V k J k recombination at the pro-B cell stage, where TdT, the enzyme responsible for N nucleotide insertion, is normally expressed but rather to the continued expression of TdT in pre-and immature B cells in the mutants. Since TdT expression is turned off by signals from the pre-BCR (Wasserman et al., 1997) , this signaling axis may be compromised in the absence of Dicer. Silencing of TdT expression is probably not a direct effect of miRNAs, since the 3 0 UTR of dntt does not contain any predicted miRNA-binding sites (Krek et al., 2005; Lewis et al., 2005) . Instead, the loss of silencing seems to be occurring at the transcriptional level. In Dicer KO pre-B cells, we detected abundant unspliced dntt pre-mRNA, an indicator that transcription is occurring when the gene should normally be silenced. If factors required for transcription of dntt are targets of miRNAs, then these transcription factors may be aberrantly overexpressed in the absence of Dicer, and dntt transcription may stay on past the pro-B cell stage. During thymocyte development, dntt is subject to epigenetic silencing (Su et al., 2004 ) and as we recently observed that Dicer-deficient mature T cells fail to silence dntt transcription (S.A.M, C.K, and K.R., unpublished data), it is also possible that a similar transcriptional gene silencing process may be mediated by Dicer in B cells.
A second difference between the antibody repertoires expressed by Dicer-deficient and -proficient B cells resulted from the increased usage of the DSP and DST family of D H gene segments in the V H D H J H joints of the former. It was recently proposed that the underrepresentation of these elements in V H D H J H joints from normal mice may be due to a Dicer-dependent epigenetic silencing mechanism resembling the RNAi-mediated silencing of centromeric repeats in yeast (Chakraborty et al., 2007) . Like centromeric repeats, the DSP gene segments are organized as tandem repeats of about 4 kb, which are transcribed from both the sense and antisense strands (Bolland et al., 2007; Chakraborty et al., 2007) . In the absence of Dicer, we detected a significant increase in the DSP sterile transcripts in pro-B cells. While the exact nature of these transcripts remains to be determined, this observation is consistent with the hypothesis advanced by Chakraborty et al. (2007) .
In conclusion, while Dicer deficiency did not detectably affect the developmental V(D)J recombination program, it affected antibody diversification by increasing the diversity of Igk variable regions through increased N sequence insertion and changing D H element usage in the variable regions of IgH chains. However, the most striking effect of Dicer deficiency was an almost complete block of B cell development at the pro-to pre-B transition, which could be partially overcome by the enforced expression of the prosurvival gene bcl-2. The dramatic upregulation of the proapoptotic protein Bim in the rescued Dicer KO cells, mediated at least partly by loss of expression of the miR-17$92 cluster, and the equivalence in rescue of Dicer-deficient B cells by the bcl-2 transgene and Bim ablation, demonstrated that Bimmediated apoptosis is a main reason for the Dicer-induced block in early B cell development. Clearly, however, Bim overexpression is only one of several mechanisms underlying the block of B cell development upon Dicer ablation. As this block occurs at a stage at which the developing cells undergo a burst of proliferative expansion under physiological conditions, and B cell numbers remain low in the Bcl-2 and Bim-mediated rescue experiments, we speculate that Dicer may also be involved in the control of progenitor cell proliferation.
EXPERIMENTAL PROCEDURES Mice
To generate B cell-specific knockout and control mice, previously described mice were bred to generate dcr fl/fl ; mb1 cre/+ mice and littermate controls (Cobb et al., 2005; Hobeika et al., 2006) . For some of the initial studies a previously described dcr fl allele was used (Muljo et al., 2005) . These dcr fl/fl ; mb1 cre/+ mice displayed identical phenotype to those described throughout the paper. In some cases, a dcr D allele that had undergone Cre-mediated deletion in the germline was used. In vivo rescue of Dicer KO B cells utilized the Em-bcl-2 transgene (Strasser et al., 1990) , Ig HEL transgene (Goodnow et al., 1988) , or Bim KO mice (Bouillet et al., 1999) . Mice were housed and cared for under specific pathogen-free conditions in accordance with protocols approved by Harvard Medical School IACUC guidelines.
Amplification and Analysis of V(D)J Rearrangements
DNA from sorted populations was isolated following overnight proteinase K digestion. IgH rearrangements were amplified and subcloned into pGEM-T easy vector (Promega) as described previously (Koralov et al., 2006) . V k J k joints were amplified using a degenerate V k primer, 5 0 -agcttcagtggcagtgg(g/a)tc (a/t)gg(g/a)ac, and J k 5 primer, 5 0 -gaactgactttaactcctaacatg. RNA from sorted cells was prepared according to the Trizol (Invitrogen) protocol. cDNA was prepared the same day using oligo-dT priming. For amplification of IgH joints the same V H family primers as above were used in conjunction with C m E (Sonoda et al., 1997). For amplification of V k J k rearrangements the same degenerate V k primer as above was used with a C k primer, 5 0 -cttccacttgacattgatgtc. Sequences were analyzed using NCBI IgBlast program (http://www.ncbi.nlm. nih.gov/igblast).
RT-PCR and Northern Analyses
TaqMan miRNA assays (Applied Biosystems, Foster City, CA) were used for relative quantitation of mature miRNA expression levels. For this assay, total RNA was prepared using the mirVana miRNA isolation kit (Ambion, Austin, TX). Reverse transcription for individual miRNAs or snoRNAs were performed according to manufacturer's instructions. Real-time PCR of the cDNA products were performed either using an ABI 7300 Real-Time PCR System or Bio-Rad iCycler IQ Real-time Detection System (Hercules, CA). Analysis was performed using ABI Sequence Detection Software v.1.3.1 or iCycler IQ Real-Time Detection System Software v.3.1, respectively. Results were comparable on both platforms. A dilution series using a known cDNA sample was used to generate a standard curve for each assay. The threshold cycle (C T ) was determined by automatic assignment of the threshold at the exponential phase of the amplification curves. The following intron-spanning primers were used for RT-PCR: dntt_ex3s, 5 0 -ctgtgaagaagatctccccaat; dntt_ex5as, 5 0 -cgctcatc atttaacacagct; b-actin_s, 5 0 -cctaaggccaaccgtgaaaag; b-actin_as, 5 0 -tcttcat ggtgctaggagcca. Probes used for northern were the following: miR-17, 5 0 -act 
